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Edited by Takashi GojoboriAbstract Usage of guanine and cytosine at three codon sites in
eubacterial genes vary distinctly with potential expressivity, as
predicted by Codon Adaptation Index (CAI). In bacteria with
moderate/high GC-content, G3 follows a biphasic relationship,
while C3 increases with CAI. In AT-rich bacteria, correlation
of CAI is negative with G3, but non-speciﬁc with C3. Correla-
tions of CAI with residues encoded by G-starting codons are
positive, while with those by C-starting codons are usually nega-
tive/random. Average Size/Complexity Score and aromaticity of
gene-products decrease with CAI, conﬁrming general validity of
cost-minimization principle in free-living eubacteria. Alcoholicity
of bacterial gene-products usually decreases with expressivity.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Alcoholicity1. Introduction
Gene expression plays an important role in codon adapta-
tion in eubacteria. Highly expressed genes in eubacteria
often exhibit a strong bias in synonymous codon usage –
a phenomenon known as translational selection [1,2]. In a
number of bacterial organisms [3–5], multivariate analysis
of relative synonymous codon usage identiﬁed the gene
expression level as one of the principal determinants of
variation.
Gene expression may also inﬂuence the choice of non-syn-
onymous codons. In E. coli, gene expression has been iden-
tiﬁed as one of the principle determinants of variation in
amino acid usages [6]. Non-synonymous codon usage in
Buchnera is strongly biased in putative high-expression
genes, characterized by avoidance of aromatic amino acids,
greater conservation and resistance to AT-enrichment [7],
while in Bertonella, the strand-speciﬁc mutational pressure
and gene expressivity both strongly inﬂuence the inter-strand
variations in amino acid usage [8]. A trend in increase in fre-
quency of the G-starting codons with increase in their po-
tential level of expression was reported for certain*Corresponding author. Fax: +91 33 2473 0284/5197.
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doi:10.1016/j.febslet.2005.08.042bacterial organisms [9,10]. It is, therefore, intriguing to
examine whether nucleotide/amino acid usage in bacterial
genes/gene-products exhibit any deﬁnite correlation with
their potential expression levels.
Expressivity is, however, not the sole determinant of gene/
protein composition in eubacteria. There are various other fac-
tors that can inﬂuence the codon/amino acid usage
[11–16], the most dominating one being the directional
mutational bias [17,18]. Hence, in any investigation on
codon/amino acid preferences, the nature of mutational
pressure on the respective genomes should be taken into
account. It is also necessary to check whether translational
selection has any signiﬁcance inﬂuence on their codon usage
patterns, since there are certain bacterial genomes, especially
those exhibiting extremely high [19,20] or strand-speciﬁc muta-
tional bias [8,12], where no impact of translational selection on
synonymous codon preferences could be observed. Inﬂuence of
translation selection on codon bias can be assessed by several
codon usage indices [1,21–23]. Among these, Codon Adapta-
tion Index (CAI) is widely accepted as an eﬀective measure
of potential level of gene expression [1]. The present study
demonstrates that in eubacterial genomes under appreciable
translational selection pressure, variations in nucleotide and
amino acid usage patterns exhibit distinct, signiﬁcant (in some
cases, unexpected) correlations with the potential gene expres-
sivity (as measured by CAI), depending on the nature of muta-
tional pressure.2. Materials and methods
Annotated Open Reading Frames (ORFs) of ﬁfty completely se-
quenced eubacterial genomes were retrieved from GenBank. For each
genome, separate datasets for highly expressed genes (encoding ribo-
somal proteins and transcription/translation processing factors) [24–
26] and lowly expressed genes (regulatory genes) were constructed
and the correspondence analysis (COA) on Relative synonymous
Codon Usage (RSCU) values were carried out using CodonW (written
by John Peden and available at www.molbiol.ox.ac.uk/win95.
codonW.zip).
For bacterial genomes experiencing signiﬁcant impact of the transla-
tional selection on codon choice, (i) the average RSCU values of highly
and lowly expressed genes should diﬀer appreciably, (ii) CAI [1] as well
as NC [23] should vary over wide ranges, (iii) the ﬁrst axis of COA on
RSCU should have considerable amount of total variance (>7%) and
the gene expressivity should be one of the major determinants of such
variation. If all these criteria were fulﬁlled the respective genomes were
considered to be under translational selection and were selected for fur-
ther analysis. For each bacterial genome under study, CAI of individual
genes were calculated taking a reference gene set comprising of genes
encoding ribosomal proteins (P 100 aa) and transcription-translationblished by Elsevier B.V. All rights reserved.
Table 1
Correlation coeﬃcients: CAI vs. average size/complexity score, aromaticity, alcoholicity and GRAVY
Organism GC-content
(%)
Average size/
complexity score
Aromaticity Alcoholicity GRAVY
LMB Genome 45% < GC-content < 55% E. coli 50.7 0.18\\\ 0.17\\\ 0.23\\\ 0.09\\\
E. carotovora subsp. 51.0 0.13\\\ 0.09\\\ 0.18\\\ 0.10\\\
N. meningitidis 51.5 0.28\\\ 0.33\\\ 0.12\\\ 0.03NS
S. typhimurium 52.2 0.19\\\ 0.19\\\ 0.19\\\ 0.11\\\
S. ﬂexneri 50.8 0.20\\\ 0.23\\\ 0.23\\\ 0.03NS
Synechocystis sp. 47.6 0.06** 0.16\\\ 0.22\\\ 0.02NS
T. maritima 46.2 0.11\\\ 0.09\\\ 0.22\\\ 0.18\\\
V. cholerae (Ch1) 47.7 0.07\\\ 0.04* 0.16\\\ 0.12\\\
W. succinogenes 48.5 0.13\\\ 0.09\\\ 0.03NS 0.05*
Y. pestis 47.6 0.13\\\ 0.15\\\ 0.17\\\ 0.12\\\
HMB Genome GC-content > 55% A. tumefaciens (Ch1) 59.3 0.20\\\ 0.31\\\ 0.07\\\ 0.02NS
B. longum 60.0 0.23\\\ 0.29\\\ 0.29\\\ 0.09\\\
B. japonicum 64.0 0.17\\\ 0.10\\\ 0.12\\\ 0.13\\\
B. melitensis (Ch1) 57.0 0.15\\\ 0.27\\\ 0.20\\\ 0.00NS
D. radiodurans (Ch1) 66.9 0.09\\\ 0.21\\\ 0.04* 0.04*
G. oxydans 61.0 0.18\\\ 0.05* 0.08\\\ 0.00NS
M. leprae 57.8 0.06* 0.16\\\ 0.24\\\ 0.07**
P. acnes 60.0 0.08\\\ 0.08\\\ 0.22\\\ 0.15\\\
P. aeruginosa 66.4 0.02NS 0.15\\\ 0.10\\\ 0.16\\\
R. solanacearum 67.0 0.18\\\ 0.26\\\ 0.18\\\ 0.20\\\
S. pomeroyi 64.1 0.03NS 0.05** 0.14\\\ 0.07\\\
X. campestris 65.0 0.14\\\ 0.15\\\ 0.12\\\ 0.07\\\
GC-content < 45% B. subtilis 43.5 0.06\\\ 0.00NS 0.07\\\ 0.23\\\
C. pneumoniae 40.5 0.02NS 0.12\\\ 0.11\\\ 0.16\\\
C. acetobutylicum 30.9 0.01NS 0.13\\\ 0.16\\\ 0.19\\\
H. inﬂuenzae 38.1 0.10\\\ 0.05* 0.16\\\ 0.12\\\
L. johnsonii 34.5 0.03NS 0.14\\\ 0.06** 0.24\\\
L. lactis 35.2 0.16\\\ 0.15\\\ 0.15\\\ 0.05*
M. succiniciproducens 42.5 0.16\\\ 0.16\\\ 0.04NS 0.09\\\
Nostoc sp. 41.3 0.06\\\ 0.03NS 0.09\\\ 0.09\\\
P. multocida 40.3 0.18\\\ 0.02NS 0.09\\\ 0.19\\\
S. aureus 32.8 0.08\\\ 0.03NS 0.05* 0.36\\\
S. pneumoniae 39.6 0.25\\\ 0.06** 0.13\\\ 0.18\\\
V. ﬁscheri 38.4 0.11\\\ 0.19\\\ 0.27\\\ 0.13\\\
\Correlation coeﬃcients signiﬁcant at p < 0.05, \\at p < 0.01and \\\at p < 0.001; NS, non-signiﬁcant.
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are known to be expressed at high levels in most bacterial organisms
[24–26].
To check for the strand-speciﬁc compositional asymmetry, the prob-
able oriC and termination regions were predicted using GC-skew anal-
ysis [27] and codon/amino acid usage of the leading and lagging
strands were compared for each genome under study. Finally, thirty-
four genomes were selected (Table 1, Supplementary Table 1) and
sixteen genomes, which are characterized by either ineﬃcient transla-
tional selection or strong compositional asymmetries in two strands,
were excluded from further analysis (Supplementary Table 2).
The selected organisms were categorized into three major groups on
the basis of overall GC-content – low mutational bias (LMB) group,
GC-rich high mutational bias (HMB) group and AT-rich HMB group.
To avoid statistical errors, the ORFs having less than 100 codons were
not considered. The annotated pseudogenes, transposon genes and the
ORFs reported to have authentic frameshift(s) were also excluded. For
each individual annotated ORF in the datasets, the following parame-
ters were computed: frequencies of the individual bases and GC-con-
tent at three codon sites and (GC)3-skewness [(G3  C3)/(G3 + C3)].
Similarly for each encoded gene-products, the frequencies of individual
amino acid residues, average size/complexity score [28], alcoholicity
(relative frequency of alcoholic residues, serine and threonine), aroma-
ticity (relative frequency of aromatic amino acid residues in the pro-
tein) [6] and GRAVY score (mean hydropathy index of the encoded
amino acid residues and hence GRAVY =
P
jajfj, where aj is the
hydropathy index of jth type residue) [29] were computed.
Scatter diagrams were plotted to examine the correlation of each of
these parameters with the CAI of corresponding genes. In each case,
the correlation coeﬃcients and slope were determined using STATIS-
TICA (Version 6.0) to assess the statistical signiﬁcance of the correla-
tion, if any.3. Results and discussion
3.1. Distinct trends in variations in G3 and C3 with CAI
In most of the LMB and GC-rich genomes under study,
excepting T. maritima andM. Leprae, G3 exhibits a striking bi-
phasic relationship with CAI, where G3 ﬁrst increases and then
decreases with increase in CAI (Fig. 1Ai, 1Bi). The CAI values
at which the transition in correlation patterns of G3 occurs are
diﬀerent for diﬀerent organisms (Supplementary Table 3). C3,
on contrary, is positively correlated to CAI (Fig. 1Aii, 1Bii),
the correlation coeﬃcients and slopes diﬀering from species
to species (Supplementary Table 3). Moreover, GC3 increases
at ﬁrst with CAI and then gradually reaches a plateau in most
of the LMB and GC-rich bacteria (Fig. 1Aiii, 1Biii). T. mari-
tima and M. leprae are two exceptions, which exhibit positive
correlations of CAI with G3, C3 and GC3 for entire range of
CAI values (Fig. 1C).
In the AT-rich organisms, both G3 and GC3 decrease with
CAI (Fig. 1Di, 1Diii), while the correlation between C3 and
CAI can be random (Fig. 1Dii), positive or negative (Supple-
mentary Table 3). In LMB and GC-rich bacterial genomes,
correlation of CAI is negative with T3 and biphasic or random
with A3, but in AT-rich organisms, T3, A3 and AT3 -all exhibit
positive correlations with CAI (data not shown).
The scatter plots of G3 and C3 against Nc (not shown) are
compatible with the observations made with CAI. For
Fig. 1. The scatter diagrams of the percentage occurrence of: (i) G3; (ii) C3; and (iii) GC3 against CAI values of the annotated ORFs of (A) N.
meningitidis, (B) D. radiodurans, (C) M. leprae and (D) P. multicoida.
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to Nc, while the G3-Nc plots for such organisms are also of the
biphasic nature. This was expected as Nc itself is negatively
correlated to CAI. Validity of CAI and Nc as indicators of po-
tential expressivity of bacterial genes is apparent from the
observation that the genes reported earlier as the predicted
highly expressed genes (PHX) in diﬀerent bacteria [24–26]
exhibited high CAI and low Nc values in the organisms exam-
ined in the present study (data not shown).
The distinct trends in variation of G3 and C3 with CAI can-
not be explained by the notion of simple GC-bias. Transla-
tional selection or other selection forces reported to inﬂuence
synonymous codon usage in eubacteria [1,2,8,11–15] are
mostly species-speciﬁc or gene-speciﬁc and hence fail to ex-
plain the origin of the biphasic curve, observed widely across
the LMB/GC-rich bacterial organisms. Another probable ori-
gin of the curve could be the atypical codon usage patterns of
horizontally transferred genes. But omission of all predicted
horizontally transferred genes in E. coli and N. meningitides
(http://www.fut.es/~debb/HGT/) from the respective genomic
datasets did not alter the biphasic trend of G3-CAI plot (not
shown). Hence, this biphasic nature cannot be due to the pres-
ence of potential horizontally transferred genes.The (GC)3-skewness of ORFs, in general, exhibits negative
correlation with CAI (Supplementary Table 3) and changes
sign from positive to negative, indicating that in the genes
with low CAI values, G3 is higher than C3; but with increase
in CAI, C3 gradually becomes higher than G3. This suggests
that there might be a selection force favoring the usage
of C3 in potential highly expressed genes. In LMB/GC-rich
organisms, C3 increases with CAI, but in AT-rich genomes,
preference of potential highly expressed genes for C3 is
counteracted by the overall mutational pressure
towards increasing AT-content. Hence, C3 exhibits random/
positive correlation with CAI. If there had not been any
selection pressure in favor of C3, it should have negative
correlation with CAI in AT-rich organisms, which is not
the case.
The biphasic nature of the G3-CAI in LMB/GC-rich organ-
isms may be due to an optimization between the overall muta-
tional bias and the selection pressure favoring C3. At low
values of CAI, both C3 and G3 increase with increase in CAI
and GC3 gradually reaches a saturation level. At even higher
values of CAI, C3 continues to increase due to the favorable
selection force, but G3 starts to decrease in order to maintain
GC3 at the saturation level.
Fig. 2. The scattered diagrams of A2 and T2 respectively against CAI values of the annotated ORFs of E. coli (A,B), A. tumefaciens (C,D) and P.
multicoida (E,F).
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with CAI
For each genome under study, two distinct clusters of
ORFs are found in the T2-CAI or A2-CAI plot (Fig. 2),
pointing towards the presence of two distinct groups of pro-
teins in the proteome, where the members of the smaller
clusters are encoded by relatively T2-rich, A2-poor ORFs
and hence, are richer in hydrophobic residues. Similar obser-
vations were reported earlier for V. cholerae [30] and the
present study conﬁrms its general validity in bacterial
organisms irrespective of their genomic GC-content and
taxonomic position. On G2-CAI/C2-CAI plots, all ORFs of
an organism form a single cluster exhibiting random
variation (data not shown).
3.3. Variation in amino acid usage with CAI
Frequencies of all residues encoded by the G-starting codons
show signiﬁcant positive correlations with CAI for most of the
genomes irrespective of their mutational bias and phylogenetic
relationship (Table 2). This observation, which supports the ear-
lier reports on increase inG1withCAI inE. coli [9],H. inﬂuenzae
andM. tuberculosis [10], is in accordancewith the facts thatmost
oftheG-startingresiduesarerelatively lighterresiduesandhence,
are likely to be favored by potential highly expressed genes.
Among the other general trends observed are increase in Met
and Lys and decrease in Cys, Trp and members of the sixfold
redundant family (Leu/Ser/Arg) with CAI. Some residues exhi-
bit unexpected trends in variation. For instance, Ile, encoded
by AU-rich codons, increases in GC-rich and decreases in
LMB/AT-rich bacteria, while the residues encoded by C-start-
ing codons exhibit negative/random correlations with CAI, inmost of the organisms including GC-rich ones (Supplementary
Table 4).
3.4. Variations in physicochemical properties of gene-products
with CAI
Average size/complexity score, aromaticity and alcoholicity
– all exhibit negative correlation with CAI of respective genes,
in most cases, irrespective of genomic GC-content, while
GRAVY Scores of the proteins do not follow any deﬁnite
trend in variation (Table 1). Decrease in the average size/com-
plexity score of the gene-products with CAI points towards the
decrease in biosynthetic cost in potential highly expressed
genes, which conﬁrms the general validity of the Principle of
Cost Minimization, demonstrated earlier in a few bacterial
and parasitic organisms [8,31–33]. Among the exceptions are
the host-associated bacteria C. pneumoniae, L. johnsonii and
S. aureaus (Table 1), which can exploit the cellular machinery
of host organisms for their own survival and hence, need not
bother about expense of protein synthesis. The aromatic resi-
dues, Phe, Tyr and Trp, are also among the most heavy and
energetically expensive residues and hence, are preferentially
avoided by the potential highly expressed genes in most of
the free-living bacteria.
However, the negative correlation between alcoholicity of
the gene-products with CAI cannot be explained in terms of
the principle of cost minimization, as the molecular weight
of the alcoholic residues (Ser/Thr) are not so high. It is known
that the sp3-hybridized hydroxyl group of serine/threonine al-
lows these residues to act as nucleophiles during enzymatic
catalysis and provide points of attachment for other molecules,
particularly the non-amino acid ones to the respective proteins.
Table 2
Correlation coeﬃcients – CAI vs. frequency of amino acid usage
Amino acid residues LMB genome HMB genome
45% < GC-content < 55% GC-content > 55% GC-content < 45%
E. coli N. meningitidis T. mertima A. tumefaciens D. radiodurans M. leprae B. subtilis P. mutocida
G-starting codons V 0.21\\\ 0.23\\\ 0.12\\\ 0.20\\\ 0.13\\\ 0.04NS 0.17\\\ 0.36\\\
A 0.24\\\ 0.32\\\ 0.32\\\ 0.01NS 0.08\\\ 0.01NS 0.08\\\ 0.28\\\
D 0.25\\\ 0.11\\\ 0.23\\\ 0.08\\\ 0.29\\\ 0.18\\\ 0.21\\\ 0.25\\\
E 0.19\\\ 0.12\\\ 0.18\\\ 0.16\\\ 0.18\\\ 0.28\\\ 0.19\\\ 0.26\\\
G 0.26\\\ 0.19\\\ 0.14\\\ 0.12\\\ 0.03NS 0.07** 0.13\\\ 0.25\\\
A-starting codons I 0.10\\\ 0.18\\\ 0.04NS 0.14\\\ 0.27\\\ 0.12\\\ 0.18\\\ 0.16\\\
M 0.11\\\ 0.11\\\ 0.14\\\ 0.18\\\ 0.27\\\ 0.09\\\ 0.00NS 0.07**
T 0.04* 0.12\\\ 0.09\\\ 0.15\\\ 0.07\\\ 0.02NS 0.10\\\ 0.08\\\
N 0.07\\\ 0.21\\\ 0.01NS 0.20\\\ 0.21\\\ 0.10\\\ 0.19\\\ 0.09\\\
K 0.17\\\ 0.14\\\ 0.13\\\ 0.32\\\ 0.25\\\ 0.36\\\ 0.20\\\ 0.21\\\
C-starting codons P 0.06\\\ 0.03NS 0.12\\\ 0.19\\\ 0.23\\\ 0.18\\\ 0.01NS 0.06**
Q 0.11\\\ 0.00NS 0.04NS 0.02NS 0.03NS 0.05NS 0.01NS 0.23\\\
H 0.09\\\ 0.05NS 0.01NS 0.19\\\ 0.10\\\ 0.04NS 0.04* 0.14\\\
U-starting codons F 0.08\\\ 0.25\\\ 0.34\\\ 0.10\\\ 0.05* 0.06* 0.20\\\ 0.19\\\
Y 0.04* 0.26\\\ 0.06* 0.15\\\ 0.14\\\ 0.08** 0.03NS 0.10\\\
C 0.13\\\ 0.16\\\ 0.01NS 0.29\\\ 0.27\\\ 0.21\\\ 0.07\\\ 0.13\\\
W 0.17\\\ 0.11\\\ 0.09\\\ 0.08\\\ 0.23\\\ 0.13\\\ 0.10\\\ 0.19\\\
Six- codon residues L 0.32\\\ 0.06** 0.40\\\ 0.17\\\ 0.23\\\ 0.24\\\ 0.38\\\ 0.52\\\
S 0.30\\\ 0.26\\\ 0.35\\\ 0.22\\\ 0.14\\\ 0.33\\\ 0.19\\\ 0.20\\\
R 0.12\\\ 0.06** 0.12\\\ 0.41\\\ 0.24\\\ 0.21\\\ 0.20\\\ 0.01NS
\Correlation coeﬃcients signiﬁcant at p < 0.05, \\at p < 0.01 and
\\\at p < 0.001; NS, non-signiﬁcant.
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that the potential highly expressed genes in bacteria might
have a tendency of avoiding nucleophilic interactions, which
might aﬀect or alter their native functional activities.
In summary, the present study attempts to focus on trends in
variations in nucleotide/amino acid usage with potential
expressivity in bacterial organisms of varying mutational bias.
One interesting observation of the study is that the trends fol-
lowed by LMB and GC-rich bacteria are, in general, qualita-
tively similar, while those followed by the AT-rich organisms
are often quite distinct.
Selection forces governing the nucleotide/amino acid usage
in bacterial genes/proteins usually vary across or within the
genomes. One might, therefore, expect to observe species-spe-
ciﬁc and/or gene-speciﬁc trends in nucleotide selection at indi-
vidual codon sites in bacterial genes. The study, on contrary,
ﬁnds that trends in variations in nucleotide/amino acid usage
with gene expressivity are often valid widely across the bacte-
rial organisms, transcending the phylogenetic and GC-content
boundaries. The selection-mutation balance may, therefore, be
maintained in such a way that the basic trends in nucleotide/
amino acid preferences by highly expressed genes in eubacteria
are mostly well preserved.
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